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Abstract 
Study on the effect of microwave irradiation on structural and physical properties of bivoltine silk fibroin films were carried out. 
This characteristic analysis was done using X-Ray Diffraction, FT-IR spectroscopy and SEM imaging. The study reveals that the 
microwave irradiations on silk film for various dosage intervals enhances the cross-linkage between the silk chains and helps in 
gaining its structure back. This regeneration of silk fibroin films make them more brittle in nature. Further, such cross-linking 
isolates the residual lithium ion in the matrix and this is evident by the results of analytical studies carried out.  
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT. 
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1. INTRODUCTION 
Radiation effects on solids have attracted the interest of researchers from all disciplines; one such prominent area is 
polymers. Irradiation can alter both physical and chemical properties of polymers. Evidences on changes in 
mechanical strength, degradation and cross-linkings of polymeric chains has been reported [1,2]. In light of this, we 
have chosen to study the structural and physical properties of silk fibroin films due to microwave irradiation. The 
effects of gamma irradiation on silk fibroin have shown interesting results such as decrease in mechanical strength 
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and increase in degradation [3]. The amino acid composition of silk fiber of Bombyx mori consists of glycine, 
alanine and serine. These three simple amino acids form the crystalline regions of silk fiber, whereas, the amino 
acids with polar side chains forms the amorphous regions. Bombyx mori fibers are composed of fibrous proteins 
with fibroin core (72–80%) and a surrounding glue protein sericine (20–28%) [4]. In this study we have 
concentrated on the inner fibroin core of a silk fiber and its properties as a film. Dissolving silk fibroin protein is a 
multistep process and it is quite tedious to get pure films of silk fibroin. We have followed the reported method [5] 
for the preparation of silk fibroin films and have then exposed these films to microwave radiation to study the 
structural and morphological changes. Characterisations of silk films were carried out using X-Ray diffraction, FT-
IR spectroscopy and SEM. There were surface changes observed in SEM photographs and these films exhibit 
familiar changes as reported in the earlier works.  It is found that the Microwave irradiation on these samples has 
induced cross-linking among the amide groups of silk fibroin and led to the formation of more stable polypeptide 
chains. This strong reordering of silk chain isolates the interstitial lithium ions [6] in the matrix which leads to the 
clear identification of such residual lithium ions.  
2. Experimental Part 
2.1. Preparation 
Fresh silk cocoons where taken from CSRTI, Mysore and were washed thoroughly and degummed in sodium 
carbonate to get the fibroin core. This fibroin core was washed again to remove the residual salt and then dissolved 
in 9.3M lithium bromide solution at 80oC. By following the protocol suggested by Rockwood et al [6], the dialysis 
of this solution was carried out for three days and the solution obtained was casted on plates to get films. XRD and 
FTIR studies of these films confirm that it is a regenerated silk fibroin. The obtained flexible silk fibroin films are 
shown in Figure 1. 
 
Fig 1. The prepared Silk Fibroin film.  
2.2. Microwave Irradiation 
A commercially available microwave oven was used in our study. This has an output power of 700W, which can 
be varied by the selection of the knob which determines the percentage of power. At a medium position, the power 
is 60% of 700W, which is 420W. We have carried out the exposure to microwave radiation at this medium position 
for different time intervals of 10, 20, 30 & 40 min. The dosage has been calculated as follows. Here, the oven 
capacity is 17L and the power output was set to 420W. The sample to oven available volume ratio is 4 cm2 (420W/4 
= 105W). For 10 min, the dosage rate is 10 × 60 × 105 = 63 kGy. Similarly for 20 and 30 min so on of exposure, the 
dosage turns out to be 126 kGy, 189 kGy and 252 kGy respectively. 
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2.3. X-Ray Diffraction Studies 
X-Ray diffraction studies of these irradiated and un-irradiated silk fibroin films were recorded using Rigaku 
Denki-Miniflex II desktop X-ray diffractometer with an output of 30kV and 15mA of Cukα radiation for a scanning 
angle between 6 to 60o with speed of 5o per/min and step size of 0.02. X-Ray diffraction patterns obtained for these 
samples are shown in Figure 2. 
 
 
Fig 2. X-Ray diffraction obtained for the samples. 
2.4. Fourier transform Infrared spectroscopy (FT-IR) 
Fourier transformed Infrared spectroscopy was carried out to analyze spectroscopic absorptions of the treated 
and untreated samples using Perkin-Elmer Spectra GX USA for the wavelength range from 600 cm-1 to 4000 cm-1. 
The absorption spectrum obtained for these samples are shown in the Figure 3.  
 
Fig 3. FTIR spectrum obtained for the samples. 
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2.5. SEM 
A morphological study of these samples was carried out using Hitachi Scanning electron microscope with 5kV 
electron beam for various magnifications. While reporting we have considered a magnification of 10μm and the 
changes seen are compared and discussed. These micro-photo graphs are shown in Figure 4. 
 
 
Figure 4: The Scanning electron microscope images obtained for the samples, A: Un-irradiated SF Film, B: 10 mins, C: 20 mins, D: 30 mins, & 
E: 40mins irradiated silk fibroin films. 
3. Results and Discussions 
From all the results obtained, it is seen that there occurs a cross-linking among the amide groups of the silk 
which results in the regeneration of strong polypeptide chain. Silk fibroin protein is dissolved and casted to reform 
its physical appearance and structure. While the re-crystallization of this protein takes place as a film, there exist a 
very small amount of residual lithium ions which is interstitial. Microwave irradiation on these films improves the 
interactions among the amide groups and these ions are isolated in the matrix. This isolation of residual ions due to 
the cross-linking of the polypeptide chain is confirmed by the studies carried out here.  
3.1. XRD analysis 
Figure 1, shows the XRD results obtained for the samples which clearly shows the reformation of silk with 
irradiation. Un-irradiated silk fibroin films showed broad halo with less intense diffraction profile but upon 
irradiation these films shown a narrower hallow with smaller FWHM. This indicates that the crystallinity of these 
films increased with the irradiation dosage, we have calculated the crystallite sizes of these silk fibroin films using 
Williamson – Hall plot and it is tabulated in Table 1. For relative comparison of the parameters, W-H plot is a 
reasonably reliable one [8,9]. The W-H plot considers both limited size of the crystals and the presence of 
crystallographic distortions which leads to Lorentzian intensity distributions. The slope of the W-H plot represents 
the average strain in the crystal, whereas intercept with the ݕ-axis gives the crystallite size [10,11]. The Williamson-
Hall relation is given by  
ߚ ߠߣ ൌ
ͳ
ܦ ൅ Ͷߝ
 ߠ
ߣ  
Where ‘ߚ’ is the full width at half maximum (FWHM) of the peak measured in radians, ‘ܦ’ is average crystallite 
size, and ‘ߝ’ is average lattice strain. For this purpose we have used the X-ray data after correcting for instrumental 
broadening & background correction using the method described earlier [12-14].  
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Table 1. Microstructural parameters calculated for the samples along with the ratio of amide groups. 
Sample  
(SF Films)  
Crystallite Size  
in Å  
% Lattice strain  Amide I/Amide II  
Un-irradiated  40.8  4.7  1.1  
10 mins irradiated  44.8  5.7  1.01  
20 mins irradiated  49.7  6.3  1.0  
30 mins irradiated  63.5  6.9  1.0  
40 mins irradiated  95.8  7.5  1.06  
3.2. FT-IR spectroscopy 
Infrared absorption spectrum obtained for the samples are shown in Figure 3, to characterize the amide group 
absorptions, a magnified image for spectral region of 900 cm-1 to 1900 cm-1 has been plotted and shown in Figure 5, 
The amount of Amide I, Amide II and Amide III can be estimated by calculating the area under these peaks. From 
the figure below it is evident that the absorption intensities of these peaks have been increased with the irradiation 
which is due to the weakening of peptide bond (C-N) in polypeptides [3], but the ratio of the area under Amide I and 
Amide II spectra did not change with irradiation dosage. This indicates that, the microwave irradiation does induce 
cross-linking among the amide group, but such cross-linking has not affected the primary structure of the 
polypeptide arrangements. Further this increase in amide groups supports the crystallite size values obtained from 
XRD. 
 
Fig 5. FT-IR spectrum showing the nature of amide groups. 
3.3. Morphological Studies 
Further, the scanning electron microscopy image taken for these samples at a magnification of 10 micrometers 
shows the presence of the residual salt in the polymer matrix. This confirms the isolation of such lithium salt traces 
in the silk fibroin, which gets isolated due to the better rearrangement of silk fibroin structure and cross-linking 
among the polypeptide chain. 
4. Conclusions 
With all these results, it is evident that the microwave irradiation on silk fibroin films enhances the formation of 
polypeptide chain and thus helps in the regeneration of silk fibroin structure in the form of a three dimensional thin 
film. Thus from the study it can be said that, the microwave irradiation helps silk fibroin protein to regain its 
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structure and physical properties when transformed into other forms based on its usage. Further, such regeneration 
of silk fibroin leads in the isolation of residual lithium ions, which were formerly interstitial. Attempts can be made 
in future, to remove this residual salt in order to get regenerated pure silk fibroin protein. 
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